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Available online at www.jcmm.ro www.jcmm.org JCMM JCMM doi:10.2755/jcmm010.004.12 R e t r a c t e d R e t r a c t e d exists. For example, adenosine and K + ATP channels are involved in the preconditioning process in either cases, and both use nitric oxide (NO) as primary target through the induction of iNOS and eNOS [6] [7] [8] . Similar to classical IPC, resveratrol preconditions the heart through adenosine A 1 and A 3 receptors by triggering a survival signal through the activation of PI-3-kinase-Akt pathways [9] , which then leads to the activation of cell survival protein Bcl-2 [10] .
It is becoming increasingly clear that pharmacological PC by resveratrol involves complex molecular signaling mechanisms involving many proteins in the crossroads of death and survival pathways. Therefore, the identification of the (post-translationally modified) target proteins that participate in resveratrol signaling should provide important insights into the cellular and molecular basis of the protective action of resveratrol.
The novel developments in the proteomic technology allows us for the first time to examine global alterations of protein expression and, when present, their post-translational modifications in the resveratrol-treated ischemia reperfused heart and, thereby, it can potentially provide new insights into the cellular mechanisms involved in the signaling leading to cell survival [11] [12] [13] [14] . Proteomics typically uses two-dimensional gel electrophoresis (2-DE) coupled with mass spectrometry (MS) to identify differentially displayed proteins which are obtained by matching gel images obtained from baseline, ischemia-reperfused without and with resveratrol treatment. The present proteomic study identifies a number of (post-translationally modified) proteins that become upregulated in the resveratrol treated ischemia-reperfused hearts and of which only a part, such as mitogen-activated protein kinase kinase (MAPKK) and phosphorylation of αB-crystallin and HSP27 were known to sit at the crossroad of death and survival signaling pathways. The resveratrol-induced upregulation of these preconditioning associated proteins was substantiated to a part by subsequent immunoblot analysis. The proteomic findings demonstrate that this novel approach provides not only direct information on protein expression level but also post-translational modifications and alteration of regulating binding or activity partners.
Material and methods

Animals
All animals used in this study received humane care in compliance with the principles of the laboratory animal care formulated by the National Society for Medical Research and Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences and published by the National Institutes of Health (Publication Number NIH 85- 23, revised 1985) . Sprague Dawley male rats weighing between 250-300 gm were fed ad libitum regular rat chow with free access to water until the start of the experimental procedure. The rats were randomly assigned to one of the two groups: Fed resveratrol [2.5 mg/kg dissolved in 0.1 ml of 50% alcohol diluted to 0.5 ml with waterl] Sigma Chemical Co, St. Louis, Mo] or vehicle [0.1 ml 50% alcohol diluted to 0.5 ml with water] through gavaging for a period of 7 days.
Isolated working heart preparation
Rats were anesthetized with sodium pentobarbital (80 mg/kg, i.p.), (Abbott Laboratories, North Chicago, IL, USA) and anticoagulant with heparin sodium (500 IU/kg. i.v.) (Elkins-Sinn Inc., Cherry Hill, NJ, USA). After ensuring sufficient depth of anesthesia thoracotomy was performed, hearts were perfused in the retrograde Langendorff mode at 37°C at a constant perfusion pressure of 100 cm of water (10 kPa) for a 5 min washout period. The perfusion buffer used in this study consisted of a modified Krebs-Henseleit bicarbonate buffer (KHB) (in mM: sodium chloride 118, potassium chloride 4.7, calcium chloride 1.7, sodium bicarbonate 25, potassium biphosphate 0.36, magnesium sulfate 1.2, and glucose 10). The Langendorff preparation was switched to the working mode following the washout period as previously described [15] .
At the end of 10 min, after the attainment of steady state cardiac function, baseline functional parameters were recorded. The hearts were then subjected to global ischemia for 30 min and then 2 h of reperfusion. The first 10 min of reperfusion was in the retrograde mode to allow for post ischemic stabilization and there after, in the antegrade working mode to allow for assessment of functional parameters, which were recorded at 10-, 30-, 60-and 120-min reperfusion.
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Cardiac function assessment
Aortic pressure was measured using a Gould P23XL pressure transducer (Gould Instrument Systems Inc., Valley View, OH, USA) connected to a side arm of the aortic cannula, the signal was amplified using a Gould 6600 series signal conditioner and monitored on a COR-DAT II real-time data acquisition and analysis system (Triton Technologies, San Diego, CA, USA). Heart Rate (HR), Left Ventricular Developed Pressure (LVDP) (defined as the difference of the maximum systolic and diastolic aortic pressures), and the first derivative of developed pressure (dP/dT) were all derived or calculated from the continuously obtained pressure signal. Aortic flow (AF) was measured using a calibrated flow-meter (Gilmont Instrument Inc., Barrington, IL, USA) and coronary flow (CF) was measured by timed collection of the coronary effluent dripping from the heart [15] .
Infarct size estimation
At the end of reperfusion, the left ventricle was cut into transverse slices [16] . The slices were incubated in 1% triphenyl tetrazolium solution in phosphate buffer [Na 2 HPO 4 88 mM, NaH 2 PO 4 1.8 mM] for 20 min at 37°C. This procedure distinguishes necrotic tissue from viable myocardium. The slices were stored for 48 h in 10% buffered formalin. The heart slices were photographed and the weights of the slices were monitored. Digital images of the slices were magnified, and the area of necrosis in each slice was quantified by computerized planimetry. The risk and infarct volumes in cm 3 of each slice were then calculated on the basis of slice weight to remove the introduction of any errors due to non-uniformity of heart slice thickness. The risk volumes and infarct volumes of each slice were summed to obtain the risk and infarct volumes for the whole heart. Infarct size was taken to be the percent infarct volume of risk volume for any one heart.
TUNEL assay for assessment of apoptotic cell death
Immunohistochemical detection of apoptotic cells was carried out using TUNEL [17] . The sections were incubated again with mouse monoclonal antibody recognizing cardiac α-myosin heavy chain to specifically recognize apoptotic cardiomyocytes. The fluorescence staining was viewed with a confocal laser microscope. The number of apoptotic cells was counted and expressed as a percent of total myocytes population.
2-DE separation of cytoplasmic proteins
Small pieces (0.1-0.2 g) of the left ventricle of the excised hearts from control, ischemia-reperfused with and without resveratrol treatment groups were homogenized in 100 μl of sample buffer (15 mM Tris-HCl, 1 mM EGTA, protease inhibitor cocktail Complete TM (Roche, Mannheim, Germany) with a microdismembrator (Braun, Melsungen, Germany) at liquid nitrogen temperature. After thawing at 0-4°C, protein concentration was measured with the DC protein assay (Bio Rad, Hercules, CA). Homogenates were stored at -80°C. Sub-fractionation of the homogenates (600 μg of protein) was achieved as described previously [12] by adding 5% Triton X-100 (v/v 1:4), incubating for 1 h at 4°C, and subsequently centrifuging for 15 min at 13,400 x g. The first supernatant (cytoplasmic fraction) was collected and the pellet (myofilament fraction) was resuspended in 10 μl 1% triton X-100 and centrifuged. The second supernatant was added to the first, completing the cytoplasmic fraction. Only this cytoplasmic fraction was analyzed by 2-DE combined with identification of differentially displayed by MS and immunoblotting.
Isoelectric focusing (IEF) was performed using IPG strips (Amersham Biosciences, Buckinghamshire, UK) with a nonlinear pH range of 3-10. Rehydration buffer (350 μl: 7.8 M urea, 2.2 M thiourea, 0.28% CHAPS, 0.9% Triton X-100, 11.1% isopropanol, 13.9% water saturated isobutanol, 5.6% glycerol, protease inhibitor cocktail Complete TM (Roche), a few grains of bromophenol blue, 69 mM DTT, 0.6% v/v biolytes) was added to both subfractions. The homogenates were applied to the IPG strips and rehydration was performed overnight at room temperature in a reswelling tray. Next, the strips were focused in a Protein IEF Cell (Bio-Rad) according to the following protocol: 250 V; 1 h, 500V; 1 hand 8000 V until 60 kVCh was reached. Next the IPG strips were equilibrated in the SDS-equilibration buffer (50 mM tris-HCl pH 8.8, 6 M urea, 30% glycerol, 2% SDS) with the addition of DTT (10 mg/ml) for 15 min, 9 followed by 15 min in the same buffer with the addition of iodoacetamide (25 mg/ml). SDSPAGE was performed (180 mm x 180 mm x 1 mm polyacrylamide gel (12%) using the Protean II XL Cell System (Bio Rad). The IPG strips were sealed in place R e t r a c t e d with a 1% agarose solution, together with a protein mass standard. The 2-DE was carried out at 25 V/gel for 1 hand then 24 mA/gel, and was stopped when the bromophenol blue front reached the bottom of the glass plate (total duration 4-6 h). Temperature was kept constant at 25°C by thermostat-controlled circulating water.
After the 2-DE separation, the gels were fixed overnight in 40% ethanol and 10% acetic acid. Next, the gels were washed in distilled water. CBB staining (Coomassie Brilliant Blue Staining) was performed for a minimal of 24 h in a 34% methanol, 17% (NH 4 ) 2 SO, 2% H 3 PO 4 , and 0.066% CBB G-250 solution.
The CBB stained gels were scanned with a GS-800 calibrated densitometer (Bio Rad, HERCULES, CA, USA) and imaged and analyzed with the PDQUEST software (Bio Rad, HERCULES, CA, USA). In PDQUEST, the images of the eight groups were compared. Normalization of the gels was based on the total staining density of the image.
Identification of differentially displayed proteins
Significantly up-and downregulated spots were excised in duplicate from the CBB stained gels and identified by nanoLCESI-Q-TOF-MS/MS as described previously [12] . Briefly, the gel plugs were destained using a destaining solution (1 g (NH 4 )HCO 3 , 175 ml distilled water, 75 ml acetonitrile) until colorless. Subsequently, the gel-plugs were dried using a centrifugal evaporator. The gel-plugs were incubated overnight with trypsin (ultra sequencing grade, Promega, Madison, WI) at room temperature. Trypsin digestion was stopped by adding a solution of 1:2 CAN and 0.1% TCA to the gel plugs. The sample solution was co-crystallized with matrix (6 mg a-cyano cinnamics acid, 1 ml ACNM) on to a 400 μm anchor chip plate and air-dried before loading into the MALDITOF-MS (Bruker Daltonics, Billerica, MA). In almost all spots identification was additionally 899 J. Cell. Mol. Med. Vol 10, No 4, 2006 Fig. 1 Effects of resveratrol on the recovery of post-ischemic left ventricular function. Rats were fed resveratrol (2.5 mg/kg for 7 days) by gavaging. The control rats were given 50% ethyl alcohol by gavaging, and kept under identical conditions. At the end of 7 days, the rats were sacrificed, the hearts excised for isolated working heart preparation. LVDP: left ventricular developed pressure; LV dp/dt: maximum first derivatives of developed pressure. Results are expressed as the mean of ± S.E.M. of six animals in each group. * p < 0.05, resveratrol versus control.
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confirmed by nanoLC-ESI-QTOF MS/MS (Water, Milford, MA), which generated peptide sequence in addition to peptide mass information (see e.g. Fig. 4 ). Peptide masses and, if necessary sequences, were used to search the MASCOT protein database (http://www.matrixscience.com). The Swiss-Prot database (http://www.expasy.org) was searched to obtain further structural and functional details on the proteins that were identified.
Immunoblot analysis
For the confirmative immunoanalysis of differentially displayed preconditioning-associated proteins small tissue pieces from the left ventricles from the hearts were homogenized in a buffer containing 25 mM Tris-HCl, 25 mM NaCl, 1 mM orthovanadate, 10 mM NaF, 10 mM pyrophosphate, 10 mM okadaic acid, 0.5 mM EDTA and 1 mM PMSF (Sato et al., 2000) . 100 μg of protein of each heart homogenate was incubated with 1 μg of antibody against the HSP27, αB-Crystallin, peroxiredoxin 2, MAP kinase kinase and PE binding protein (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) for 1 h at 4°C. The immune complexes were precipitated with protein A Sepharose, immunoprecipitates separated by SDS-PAGE and immobilized on polyvinylidene difluoride membrane. The membrane was stripped and reblotted with specific antibodies against glucose-6-phosphate dehydrogenase, which served as loading control. The resulting blots were digitized and subjected to densitometric scanning using a standard NIH image program.
Statistical analysis
The differential analysis software PDQUEST (Mann-Whitney) was primarily used for the identification of up-and down-regulated spots comparing the duplicate left ventricular samples obtained from each animal group. As to the statistical analysis of the heart function and images of the immunoblots the statistical software program SPSS (version 10.1 for windows, Microsoft) was used to reevaluate the Mann-Whitney statistics and calculate the exact p-values. Data are presented as means ± SEM. A p-value of < 0.05 was considered statistically significant. 900 Fig. 2 Effects of resveratrol on myocardial infarct size and cardiomyocyte apoptosis. The isolated hearts from control (n=6) and resveratrol-fed (n=6) rats were subjected to 30 min of global ischemia followed by 2 h of reperfusion in a working mode. Infarct size was measured by the TTC dye method while apoptosis was measured by TUNEL method in conjunction with antibody against α-myosin heavy chain. Results are expressed as mean ± S.E.M. p < 0.05 versus control. The ppm's represent the average of values from 2 rats in each group c Observed pI appears to be clearly different from the theoretical (ΔpI > 0.5) d In this spot two different proteins were identified, which causes that the ppm values make no sense e and means respectively up-and downregulated comparing IR versus IR plus R(esveratrol). = means not altered. f According to the MS/MS analysis these spot contains two different proteins which means that their individual concentrations in ppm can not be assessed.
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Results
Cardioprotection with resveratrol
Resveratrol improved post-ischemic ventricular function as evidenced by improved recovery of coronary flow, left ventricular developed pressure and maximum first derivative of developed pressure (Fig.  1 ). There were no changes in coronary flow and heart rate (data not shown). Myocardial infarct size was significantly reduced after resveratrol feeding (Fig.  2) . In parallel, cardiomyocyte apoptosis was also significantly lowered in resveratrol treated group.
Analysis of the 2-DE gel images
A representative PD-QUEST generated virtual image of the cytoplasmic protein separation by 2-DE is illustrated in Fig. 3 and shows all spots that could be matched and that were present in at least two or more of the gels. Several spots were clustered and undistinguishable, and therefore, not included in the analysis. On the average a, total of about 360 protein spots could consistently be matched. Differential analysis by the PD-QUEST software of the two 2-DE images of ischemia-reperfused versus resveratrol-treated ischemia-reperfused hearts in the background of 2-DE images of the baseline perfused hearts, gave a large number (about 30) of protein spots, some of which were up-or down regulated due to ischemia-reperfusion and/or resveratrol treatment. Differential expression was only based on comparing the average spot intensities in ppm of 2 hearts of each the 2 animal groups. The differentially expressed proteins are indicated with their notation by SSP number as given in the PDQUEST program in Fig. 3 and the ones (about 20) that could be identified by tandem MS are described in more detail in Table 1 . As shown in Figure 3 , the molecular weight (M at , Y-axis) and pI (X-axis) range of the 2-DE separation were from 120 to 10 kDa and 4 to 9, respectively. Interestingly, for several of the differentially displayed proteins, such as the HSP27s, one of the αB-crystallin species and short chainacyl-CoA dehydrogenase, the apparent Mwt and/or pI on 2-DE differed clearly from the theoretical value. This would tend to suggest that the proteins were subjected to post-translational modification.
Of particular interest is the increased expression of MAPKK, both αB-crystallin species, one of the HSP 27 species and PE binding protein (Table 1) , which are known as redox-regulated proteins [18, 19] and have also been demonstrated to play a role in preconditioning1 [20, 21] . However as appears from this first differential proteomic display analysis of the resveratrol preconditioned hearts, this technology extends the protein expression profile by real separation of unmodified as well as (novel) post-translational forms of proteins associated with cardiac protection. Fig. 4 illustrates examples of the real individual 2-DE gel images with spots containing these redox-regulated and preconditioningrelated proteins. In almost all spots the identification was definitely confirmed by tandem MS/MS, which generated peptide sequence in addition to peptide mass information of which one example MS/MS spectrum, is shown in Fig. 5 .
The salient features of the present proteomic analysis include also downregulation of some proteins in the mitochondrial respiratory chain and matrix and interestingly the myofilament regulating cardiac MLC-kinase-2 (Table 1 ). In the latter respect should be referred to the detailed proteomic analysis on pharmacological preconditioning by adenosine though in isolated rabbit cardiomyocytes exposed to simulated ischemia-reperfusion. Our present observation of downregulation of cardiac MLCK-2 by resveratrol after ischemia-reperfusion in the cytoplasmic fraction may, therefore, be of particular interest [22] .
Immunoblot analysis
In order to substantiate the proteomic findings with the conventional type of analysis, we performed immunoblotting on 1-DE gels of (phospho) proteins corresponding to the differentially expressed preconditioning-related proteins from all hearts of the 2 animal groups. The results are shown in Fig. 6 , which shows the validation of the proteomic findings by Western blot analysis. As expected, resveratrol maintained the higher levels of the phosphorylated forms of MAPKK, αBcrystallin and HSP 27 after ischemia/reperfusion. Likewise, a marked increase of expression of PE binding protein was observed. However interestingly, peroxiredoxin-2 showed also increased expression, which is at variance with the outcome in the proteomic analysis.
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Discussion
To the best of our knowledge this study shows for the first time the application of differential display proteomics to study the molecular mechanisms involved in the cardioprotection by resveratrol. Proteomics is an emerging field that has e.g. the potential to rapidly uncover functional candidate proteins from complex protein mixtures [11] [12] [13] [14] [23] [24] . Proteomics is an ideal approach by which elucidation of post-translational modifications associated with kinase activation is possible enabling one to evaluate on a global scale instead of a 14 small set of proteins. Herein we describe the use of such approach to identify redox-regulated and resveratrol-induced preconditioning associated proteins in the cytoplasmic subfractions isolated from cardiac homogenates. The reason of starting with this subfraction was to increase the proteome coverage by 2-DE [11] [12] [13] [14] . The results of the present study demonstrate that proteomic profiling enables the identification of several resveratrol induced preconditioning-associated proteins.
Pharmacological preconditioning was already subject for a detailed proteomic investigation, though the aims of the study were different: 1) as the model was used isolated rabbit ventricular myocytes that were treated for 60 min at 37°C with 100 μM adenosine [22] and 2) the myofilament-enriched subproteome was examined. Nevertheless, it is interesting to note that the differential proteomic analysis revealed a previously unsuspected in vivo posttranslational modification (phosphorylation) of MLC1. In the present study resveratrol downregulated cytoplasmic cardiac MLC kinase-2 after ischemia-reperfusion, which could be extrapolated to a reduced extent of phosphorylation of the MLCs.
Given the fact that resveratrol provides cardioprotection through preconditioning, we were particularly interested in the upregulated proteins known to be related to preconditioning. These proteins include MAPKK, peroxiredoxin-2, HSP27, αB crystallin and phosphatidyl ethanolamine binding protein. Interestingly enough, some of these proteins are also redox-regulated. Evidence already exists in the literature indicating that MAP 903 J. Cell. Mol. Med. Vol 10, No 4, 2006 Fig. 3 Representative virtual image of a 2-DE gel resembling the cytoplasmic subproteome of rat left ventricle. Differentially expressed protein in the three different cytoplasmic fraction are each of them indicated by their PDQUEST SSP numbers. More information on the numbered spots is given in Table 1 . The outlined section of the image is meant to show the part of which the individual ones are given in Fig. 4 .
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kinase cascades play an important role in the cardioprotective effects of resveratrol [25] . Resveratrol and related antioxidant component of wines and grapes, proanthocyanidins have been found to modulate p38MAPK, JNK and ERK1/2 activities in the heart [26, 27] . The same MAP kinases are also involved in classical ischemic preconditioning [28] . Fig. 6 shows the validation of the proteomic findings by Western blot analysis. However, it should be taken into account that on 2-DE for each, HSP27 and αB crystallin, two molecular forms were found to be differentially expressed. Table 1 shows that the apparent electrophoretic mobility (M wt and pI) of only one αB crystalline species agrees well with its theoretical M wt and pI values. On the other hand peroxiredoxin, which does not show a clear resveratrolinduced upregulation on differential 2-DE analysis, has the expected electrophoretic mobility according to the theoretical Mw and pI values. Therefore, its is likely that peroxiredoxin-2 is not in phosphorylated form. Nevertheless, Western blot analysis confirms the previous findings and demonstrates that resveratrol modulates the activities of these MAP kinases and its downstream targets. HSP 27, the downstream target of p38MAPK and MAPKAP kinase 2 has been known to be phosphorylated in the preconditioned heart. Our results also show increased phosphorylation of αB-crystallin, a close member of HSP 27.
PE-binding protein family consists of a number of 21-23 kDa basic proteins, some of which can act as suppressor of Raf-1 kinase activity and mitogenactivated protein kinase signaling via their ability to sequester and inactivate Raf-1 and MEK1 [29] . 
is also related to ischemic preconditioning. Our Western blot results indeed show activation of PE binding protein in the preconditioned myocardium.
There is an additional salient feature in this study. The known property of PKCε to form multi-protein signaling complexes to accomplish signal transduc-tion in cardiac protection was efficiently exploited by Ping et al. [30, 31] . Numerous structural and signaling molecules that had previously escaped detection were identified. Most importantly, also metabolism related and transcription/translation related proteins were unmasked. In total 93 proteins. J. Cell. Mol. Med. Vol 10, No 4, 2006 Table 1 ) was based including in bold red the sequence derived from the MS/MS spectrum shown in the upper panel. 
Conceptionally, this so-called functional proteomics approach enables an unbiased, yet focused, investigation of all participating molecules and provides a blueprint of the entire signaling network [32] In conclusion, the results of the present study demonstrate that proteomic profiling enables the identification of several preconditioning-associated proteins (MAPKK, αB-crystallin, HSP27 and PE which reflect not only changes in their expression level but also isoforms, posttranslational modifications such as phosphorylation and regulating binding or activating partner proteins (e.g. cardiac MLC kinase 2).
